The expression of microRNA (miR)-610 has previously been reported to be downregulated in gastric cancer and hepatocellular carcinoma. However, miR-610 has yet to be investigated in human glioma. In the present study, miR-610 expression was analyzed by reverse transcription-quantitative polymerase chain reaction. Post-transfection with miR-610 mimics and inhibitors, MTT assay, cell migration and invasion assays, western blot analysis and a luciferase assay were performed in glioma cell lines. The results demonstrated that miR-610 was downregulated in glioma tissues compared with their normal adjacent tissues and normal brain tissues (P<0.05). The reduced expression levels of miR-610 were associated with World Health Organization grade and the Karnofsky performance status of patients with glioma. Furthermore, the present study revealed that miR-610 inhibited cell growth, migration and invasion in glioma cells. To the best of our knowledge, the present study is the first to provide evidence suggesting that miR-610 directly targets MDM2 proto-oncogene E3 ubiquitin protein ligase to function as a tumor suppressor in glioma. These results indicate that miR-610 may be investigated as a target for therapeutic drugs designed to treat glioma.
Introduction
Human glioma, which is the most common and fatal primary brain tumor, originates from glial cells and accounts for 70% of malignant primary brain tumors (1) . In the United States, the estimated incidence rate of glioma is 20,000 new cases per year (2) . Glioma is classified into three major histological groups, as follows: Well-differentiated low grade diffuse astrocytoma; anaplastic astrocytoma; and glioblastoma multiforme, according to the 2007 World Heath Organization (WHO) classification (3) . Despite progress being made in improving the treatment of glioma, including the use of aggressive surgery combined with chemotherapy, radiotherapy and biological therapy, the final prognosis of glioma remains extremely poor because the tumors are highly proliferative and invasive (4, 5) . The average 5-year survival rate of glioma is 4-5% and mean survival time following diagnosis is 12-15 months (6, 7) . Therefore, it is crucial to explore the molecular mechanisms underlying glioma, in order to improve the prognosis for patients with glioma.
MicroRNAs (miRNAs, miR) have been demonstrated to alter the expression of genes involved in gliomagenesis (8) . miRNAs are a group of endogenous, small non-coding RNAs 22-25 nucleotides in length, which are derived from pri-and pre-miRNAs (9) . miRNAs regulate the expression of their target mRNAs through partial complementarity to seed sequences in the 3'-untranslated region (UTR) of the target gene, resulting in translational suppression or mRNA cleavage (10) . Notably, studies have demonstrated that miRNAs regulate several important normal biological processes and pathological processes, including cell proliferation, apoptosis, differentiation, metabolism and metastasis (11, 12) . Calin et al (13) demonstrated that ~50% of miRNAs are located at fragile sites and cancer susceptibility locations, thus indicating the potential functions of miRNAs in tumor formation. Furthermore, it has been suggested that the expression of miRNAs are often down-or upregulated in numerous types of cancer, and can function as tumor suppressors or oncogenes in various tumors (14) , including glioma. Therefore, further exploration of the functions and target mRNAs of miRNAs may provide insight into the mechanisms of glioma development and progression. It has also been suggested that miRNAs may be targets for cancer therapy.
The expression levels of miR-610 were previously reported to be downregulated in gastric cancer and hepatocellular carcinoma (15, 16) . However, to the best of our knowledge, there have been no studies of miR-610 in glioma. In the present study, the expression and function of miR-610 in glioma was examined. The results of the present study demonstrated that miR-610 was downregulated in human glioma tissues compared with their normal adjacent tissues (NATs) and normal brain tissues. In addition, the low expression levels of miR-610 were associated with WHO grade and the Karnofsky performance status (KPS) of patients with glioma. Furthermore, miR-610 suppressed cell proliferation, migration and invasion by directly targeting MDM2 proto-oncogene E3 ubiquitin protein ligase (MDM2). The findings of the present study have therapeutic implications and may be exploited for the treatment of glioma.
Materials and methods
Clinical specimens. The tumor specimens used in the present study were obtained from patients that had undergone surgery at the Second Xiangya Hospital, Central South University (Changsha, China). Normal brain tissues (n=5) used in the present study were obtained from patients with traumatic brain injury requiring a partial resection of brain tissues to decrease the intracranial pressure. Informed consent was obtained from all patients. Of the samples from patients with glioma, 29 cases were low-grade (WHO I and WHO II) and 32 cases were high-grade (WHO III and WHO IV). Tissues were snap-frozen in liquid nitrogen and were stored at -80˚C. This study was approved by the institutional review board of the Second Xiangya Hospital.
Cell lines and cell transfection. The human U251 and U87 glioma cell lines were purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). The cells were cultured in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% v/v fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a cell incubator containing 5% CO 2 .
Mature miR-610 mimics, miRNA mimics negative control (NC), miR-610 inhibitor, miRNA mimics negative control inhibitor (NC inhibitor) and the luciferase reporter plasmid were designed, synthesized and validated by GeneChem Co., Ltd. (Shanghai, China). PGL3-MDM2-3'UTR Wt and PGL3-MDM2-3'UTR Mut luciferase reporter plasmid were designed, synthesized and confirmed by Shanghai GenePharma Co., Ltd., (Shanghai, China). Cell transfection and co-transfection was conducted using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The pcDNA3.1-MDM2 plasmid was synthesized by GeneChem Co., Ltd., and MDM2 cDNA was cloned into a pcDNA plasmid purchased from GeneChem Co., Ltd. A total of 24 h after co-transfection, the cells were used for rescue experiments.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was isolated from homogenized tissues and cells using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. RT was conducted using Moloney Murine Leukemia Virus Reverse Transcription system (Promega Corporation, Madison, WI, USA). The reverse transcription was performed in a 25 µl reaction volume. The temperature protocol was as follows: 95˚C for 2 min; 20 cycles of 94˚C for 1 min, 55˚C for 1 min and 72˚C for 2 min; and 72˚C for 5 min. RT-qPCR was performed using a SYBR Premix Ex Taq kit (Takara Biotechnology Co., Ltd., Dalian, China) and Applied Biosystems 7500 Real-Time PCR system (Thermo Fisher Scientific, Inc.) according to the manufacturers' protocols. SYBR Green PCR master mix (Takara Biotechnology Co., Ltd.) was used to measure the mRNA expression levels of MDM2. The 20 µl reaction system contained 10 µl SYBR Green I mix, 2 µl forward primer, 2 µl reverse primer and 4 µl double distilled water. The cycling conditions were as follows: 95˚C for 10 min; 40 cycles at 95˚C for 15 sec; and 60˚C for 1 min. U6 and glyceraldehyde 3-phosphate dehydrogenase were used as reference genes for miR-610 and MDM2 mRNA expression, respectively. Each sample was analyzed in triplicate. Primers were synthesized by Guangzhou RiboBio Co., Ltd. (Guangzhou, China). Relative expression fold changes were calculated using the 2 -ΔΔCq method (17) .
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. MTT assay was performed to investigate whether miR-610 had a role in glioma cell proliferation. Post-transfection with miR-610 or NC mimics and inhibitors, cells were collected and seeded in 96-well plates at 3,000 cells/well. MTT assay was performed every 24 h for 6 days. Briefly, 20 µl MTT solution (Sigma-Aldrich, St. Louis, MO, USA) was added to each well and incubated for 4 h at 37˚C. The culture medium containing MTT solution was then removed, and 200 µl dimethyl sulfoxide was added to each well. The absorbance was measured at 490 nm using an enzyme-linked immunosorbent assay reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). All experiments were analyzed in triplicate.
Cell migration and invasion assays. Migration and invasion
of the human glioma cell lines were assessed using 8-µm Transwell chambers (Costar, Corning Incorporated, Corning, NY, USA). For the migration assay, 5x10 4 transfected cells were harvested and resuspended in 200 µl serum-free RPMI 1640 medium (Gibco). The cells were placed into the upper chamber of the Transwell. RPMI 1640 containing 20% FBS (0.5 ml) was added to the lower chamber as a chemoattractant. For the invasion assay, 5x10 4 transfected cells were placed into the upper chamber, which was coated with Matrigel (BD Biosciences, San Jose, CA, USA). RPMI 1640 containing 20% FBS (0.5 ml) was added to the lower chamber as a chemoattractant. Cells were incubated in the Transwell chambers for 12 and 24 h for the migration and invasion assays, respectively. The cells remaining on the upper surface of the membranes were scraped off with cotton swabs and the cells adhering to the lower surface were fixed with 100% methanol (Shanghai Macklin Biochemical Co., Ltd., Shanghai, China) for 10 min, stained with 0.5% crystal violet (Beyotime Institute of Biotechnology, Haimen, China) and were then counted under an inverted microscope (x200; Olympus Corporation, Tokyo, Japan) to calculate their relative numbers. Each experiment was repeated at least three times.
Western blot analysis. A total of 72 h post-transfection, human glioma cells were washed with ice cold phosphate-buffered saline and lysed in cold radioimmunoprecipitation lysis buffer (Beyotime Institute of Biotechnology). The concentrations of the proteins were determined using a bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology). Proteins (30 µg) were then separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were transferred to a polyvinylidene difluoride membranes (Beyotime Institute of Biotechnology). After blocking with 5% skimmed milk in TBS/0.1% Tween (TBST; Beyotime Institute of Biotechnology) at room temperature for 2 h, the membranes were incubated with primary antibodies, including mouse anti-human MDM2 monoclonal antibody (1:1,000 dilution; cat no. ab3110) and mouse anti-human β-actin monoclonal antibody (1:1,000 dilution; cat no. ab6276; both AbCam, Cambridge, MA, USA), at 4˚C for overnight. The PVDF membranes were washed and then incubated for 1 h with the corresponding horseradish peroxidase-conjugated secondary antibody in TBST. The secondary antibody used was goat anti-mouse horseradish peroxidase conjugated secondary antibody (1:5,000 dilution; ab6789; AbCam). Finally, protein bands were visualized with an enhanced chemiluminescence kit (Pierce Biotechnology, Inc., Rockford, IL, USA) and analyzed using Quantity One software (version 4.62; Bio-Rad Laboratories, Inc.).
Luciferase assay. The human glioma cells, seeded in a 12-well plate at ~90% confluence, were transfected with the reporter plasmid, and miR-610 mimics or NC using Lipofectamine 2000. Renilla and firefly luciferase activity was measured using the Dual-Luciferase Reporter Assay system (Promega Corporation) and a luminometer (Tecan Group Ltd., Männedorf, Switzerland) 48 h post-transfection. The firefly luciferase activity was normalized to the Renilla luciferase activity for each transfected well. All the experiments were performed in triplicate. 
Results

miR-610 expression in glioma tissues and its association with clinicopathological factors.
A total of 61 glioma samples were used in the present study. cDNA from the samples was subjected to RT-qPCR analysis to determine the expression levels of miR-610. As demonstrated in Fig. 1 , miR-610 was significantly downregulated in glioma tissues compared with NATs and normal brain tissues (P<0.05). These results indicate that miR-610 may have an important function in human glioma.
The present study also determined whether the expression levels of miR-610 were associated with gender, age, extent of resection, WHO grade and KPS of patients with glioma. The statistical analysis demonstrated that miR-610 expression was significantly associated with WHO grade and KPS of patients with glioma (P<0.05; Table I ). However, there was no correlation between miR-610 expression and the other measured clinicopathological factors (gender, age and extension of resection).
miR-610 suppresses cell proliferation in U251 and U87 glioma cells. To verify the effects of miR-610 on cell proliferation, an MTT assay was performed. As demonstrated in Fig. 2 , miR-610 mimics significantly inhibited cell proliferation in U251 and U87 cells compared with NC (P<0.05). Conversely, miR-610 inhibitor enhanced cell proliferation in U251 and U87 cells compared with NC inhibitor (P<0.05). These results suggest that miR-610 functions as a tumor growth suppressor in glioma.
miR-610 suppresses cell migration and invasion in U251 and U87 glioma cells.
To determine the effects of miR-610 on tumor cell migration and invasion, Transwell chamber assays were conducted. As demonstrated in Fig. 3A , miR-610 mimics inhibited U251 and U87 cell migration compared with NC (P<0.05), whereas miR-610 inhibitor increased the migration of U251 and U87 cells compared with NC inhibitor. As demonstrated by invasion assays, the invasiveness of glioma cells transfected with miR-610 mimics was significantly decreased compared with cells transfected with NC (P<0.05; Fig. 3B ). However, downregulation of miR-610 induced significant U215 and U87 cell invasion compared with NC inhibitor transfected cells (P<0.05; Fig. 3B ). These results indicate that miR-610 reduces the migratory and invasive abilities of glioma cells.
miR-610 level
MDM2 is a direct target gene of miR-610 in U251 and U87 glioma cells. To identify the targets of miR-610 in glioma, a public database (TargetScan; www.targetscan.org) was used.
MDM2 was predicted to be a target of miR-610 ( Fig. 4A) .
To verify whether miR-610 directly targets MDM2 mRNA, luciferase reporter assays were performed. As demonstrated in Fig. 4B , miR-610 significantly inhibited the luciferase activity of MDM2 wild-type 3'-UTR (P<0.05), but not MDM2 mutant 3'-UTR compared with NC in U251 and U87 cells.
RT-qPCR and western blot analysis were performed to establish whether MDM2 was downregulated at the mRNA and protein level post-transfection of U251 and U87 glioma cells with miR-610 mimics and a miR-610 inhibitor. As presented in Fig. 4C , RT-qPCR analysis demonstrated that MDM2 was significantly downregulated at the mRNA level in U251 and U87 cells post-transfection with miR-610 mimics compared with cells transfected with NC (P<0.05). In addition, transfection with the miR-610 inhibitor significantly increased the MDM2 mRNA expression levels in U251 and U87 cells compared with the NC inhibitor (P<0.05). As demonstrated in Fig. 4D and E, compared with NC, the protein expression levels of MDM2 were significantly downregulated in U251 and U87 cells post-transfection with miR-610 mimics. Conversely, the MDM2 protein expression levels were upregulated in miR-610 inhibitor-transfected U251 and U87 cells compared with cells transfected with the NC inhibitor (P<0.05). These results suggest that MDM2 is a direct target gene of miR-610 in vitro.
miR-610 inhibits glioma cell proliferation, migration and invasion by targeting MDM2.
To explore whether miR-610 inhibited glioma cell proliferation, migration and invasion by targeting MDM2, U251 and U87 cells were co-transfected with miR-610 mimics or NC, and MDM2 plasmid or control. As shown in Fig. 5A , transfection with the MDM2 plasmid significantly enhanced U251 and U87 cell proliferation, compared with the control. Furthermore, as presented in Fig. 5B and C, MDM2 plasmid significantly increased the migration and invasion of U251 and U87 compared with the control plasmid. These results suggest that the effects of MDM2 plasmid on the growth, migration and invasion of U251 and U87 cells were similar to those exerted by the miR-610 inhibitor, indicating that MDM2 is a functional target of miR-610 in glioma. Rescue experiments demonstrated that, compared with miR-610 mimic-transfected cells, glioma cell proliferation, migration and invasion was restored to normal levels by co-transfection with miR-610 mimics and MDM2 plasmid (P<0.05). These results indicate that miR-610 regulates glioma cell proliferation, migration and invasion by targeting MDM2.
Discussion
miRNAs are important regulators of cell development, differentiation and carcinogenesis (18) . The understanding of the functional importance of specific miRNAs is steadily increasing; however, it remains insufficient for numerous identified miRNAs (19) . Increasing evidence indicates that miRNAs are aberrantly expressed in various types of human cancer, including human glioma; however, their function and molecular mechanisms in tumorigenesis remain unclear (20) (21) (22) . The current study demonstrated that the levels of miR-610 were downregulated in human glioma and were significantly associated with WHO grade and the KPS of patients with glioma. In addition, the present study demonstrated that miR-610 suppresses the proliferation, migration and invasion of glioma cells.
Zeng et al (16) observed that miR-610 expression was downregulated in human hepatocellular carcinoma tissues and cell lines, and was correlated with hepatocellular carcinoma progression and patient survival. Furthermore, overexpression of miR-610 reduced hepatocellular carcinoma cell proliferation and Wnt/β-catenin activity via directly suppressing LDL receptor related protein 6 and transducin β-like protein 1. Wang et al (15) demonstrated that the expression levels of Figure 5 . miR-610 inhibits glioma cell proliferation, migration and invasion by targeting MDM2. (A) MDM2 plasmid significantly increased U251 and U87 cell proliferation, and glioma cell proliferation was restored to normal levels following miR-610 overexpression and MDM2 restoration. Transfection with the MDM2 plasmid improved U251 and U87 cell (B) migration and (C) invasion. U251 and U87 cell migratory and invasive abilities were restored by miR 610 overexpression and MDM2 restoration. Data are presented as the mean ± standard deviation. Magnification, x200. * P<0.05. miR, microRNA; MDM2, MDM2 proto-oncogene E3 ubiquitin protein ligase.
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C miR-610 were reduced in gastric cancer. Furthermore, miR-610 directly targeted vasodilator-stimulated phosphoprotein (VASP) and suppressed its expression, resulting in the inhibition of VASP-mediated cell migration and invasion in gastric cancer. Therefore, upregulation of miR-610 or the use of analogous pharmaceutical compounds that exogenously increase miR-610 expression may be considered effective cancer therapies for tumors caused by the activation or overexpression of these oncogenes.
To the best of our knowledge, the results of the present study provide the first evidence that miR-610 is downregulated in human glioma, which indicates that miR-610 may have a tumor suppressive function in gliomagenesis and progression. In addition, the present study demonstrated that miR-610 reduces cell proliferation, migration and invasion, also suggesting that miR-610 has a tumor suppressive function. Therefore, the results may have future clinical implications.
The present study demonstrated an important molecular association between miR-610 and MDM2. TargetScan predicted that MDM2 was a direct target gene of miR-610. It was demonstrated that MDM2 mRNA contains a miR-610 six-nucleotide seed match at position 189-195 of the MDM2 3'-UTR. In addition, a luciferase activity assay revealed that miR-610 directly targeted the MDM2 3'-UTR, as predicted by bioinformatics. Furthermore, the present study demonstrated that miR-610 negatively regulates MDM2 expression at the mRNA and protein level in glioma cell lines. Finally, transfection with the MDM2 plasmid enhanced glioma cell proliferation, migration and invasion. Rescue experiments demonstrated that glioma cell proliferation, migration and invasion were completely restored by MDM2 restoration post-transfection with miR-610 mimics. Taken together, the findings of the present study demonstrated that miR-610 is a tumor-suppressive molecule in gliomagenesis and progression.
The MDM2 gene is a proto-oncogene located on chromosome 12q13-14, which encodes a 90-kDa nuclear protein (23) . MDM2 was originally isolated as an amplified sequence in a spontaneously transformed murine cell line (24) . To date, the overall MDM2 gene amplification frequency is 7%, with the highest frequency of amplification in soft tissue tumors (20%) (25, 26) . It has previously been demonstrated to be important during tumorigenesis by transfection studies using the genomic DNA sequence (27) (28) (29) . MDM2 appears to act via p53-dependent and -independent mechanisms of tumorigenesis in human tumors (26) . MDM2 was previously observed to be significantly upregulated in human glioma samples compared with the control group, thus indicating that overexpression of MDM2 may be important during gliomagenesis and progression. The upregulation of MDM2 was previously demonstrated to be an early event in the malignant transformation of glioma (30) . Therefore, MDM2 deserves close scrutiny as a potential target for inhibition in human glioma. The results of the present study suggested that miR-610 suppresses the proliferation, migration and invasion of glioma cells by directly targeting MDM2, indicating that miR-610 may be investigated as a targeted therapy for glioma treatment.
In conclusion, to the best of our knowledge, the present study is the first to demonstrate that miR-610 is downregulated in glioma, and associated with WHO grade and the KPS of patients with glioma. The current study also demonstrated that miR-610 suppresses cell proliferation, migration and invasion by directly targeting MDM2 in glioma cells. The identification of a target gene of miR-610 may further the understanding of the carcinogenic mechanisms of glioma. The findings of the present study indicated that miR-610 may be important as a diagnostic marker in glioma and may be exploited for the treatment of glioma. Further work is required to assess the potential of miR-610 as a treatment for glioma and other types of cancer.
